Evolution of the phase state of paramagnetic additions at various stages of synthesis and subsequent thermal treatment of glasses of the system Al 2 O 3 -K 2 O-B 2 O 3 simultaneously doped with Fe 2 O 3 and MnO is studied by means of a combination of experimental techniques: Faraday rotation ͑FR͒, electron magnetic resonance ͑EMR͒, transmission electron microscopy ͑TEM͒, Mössbauer spectroscopy, and magnetic measurements. Both FR and EMR show that magnetically ordered clusters occur already at the first stage of the glass preparation. In particular, for the ratio of the Fe and Mn oxides in the charge close to 3:2, fine magnetic nanoparticles are formed with characteristics similar to those of manganese ferrite. By computer simulating the EMR spectra at variable temperatures, a superparamagnetic nature of these nanoparticles is confirmed and their mean diameter is estimated as approximately 3.2 nm. In the thermally treated glasses larger magnetic nanoparticles are formed, giving rise to FR spectra, characteristic of magnetically ordered systems, and the EMR spectra different from those in as-prepared glasses but also showing superparamagnetic narrowing. The Mössbauer spectroscopy corroborates the manganese ferrite structure of the nanoparticles and indicates their coexistence in the ferrimagnetic and superparamagnetic states. The TEM shows the presence of polydisperse nanoparticles on the background of the glass matrix, and electron diffraction of a selected region containing larger particles indicates a crystal structure close to that of MnFe 2 O 4 . Energy-dispersive atomic x-ray spectra confirm that the major part of Fe and Mn introduced to the glass composition is gathered in the particles, with the concentration ratio close to 2:1, characteristic of bulk MnFe 2 O 4 . Magnetic hysteresis loops of samples subjected to an additional thermal treatment demonstrate a strong increase in the coercive force, remnant magnetization, and high-field magnetic susceptibility with temperature decrease. The consistent results obtained using various techniques demonstrate that the formation of nanoparticles with characteristics close to those of MnFe 2 O 4 confers to these glasses magnetic and magneto-optical properties typical of substances possessing magnetic order.
I. INTRODUCTION
Nanomagnetism is both a fundamental and applied challenge. The magnetic properties observable on macroscopic scale are due to a very large number of atoms and, therefore, do not exist or are very different on a nanometric scale-for a single atom or molecule or for a cluster of a few atoms. The nanometric scale reveals some "exotic" properties, still poorly understood and hence poorly controlled during the nanoparticle synthesis. Meanwhile, the advent of nanomaterials is revolutionizing the technology, so understanding and control of their properties acquire a paramount importance. In particular, superparamagnetic systems consisting of magnetically ordered nanoparticles embedded in diamagnetic matrices attract great attention and a correlation between physical properties of the nanoparticles and of the matrix becomes one of the hottest problems of the physics ͑e.g., see Refs. 1-11͒.
Manganese ferrite is one of the compounds most frequently used in fabricating nanoparticle systems, both in powder state and embedded in various matrices. [4] [5] [6] [7] The properties of materials containing magnetic nanoparticles depend on both intrinsic particle properties [3] [4] [5] [6] and interparticle interactions. 8 Besides, the nanoparticle properties are greatly influenced by their surface or interface layers, where the environment of magnetic atoms differs from that in the core. 3, 6 Therefore, different methods of sample preparation and different matrices used result in a large variety of magnetic characteristics observed in nanoparticle systems.
A special case of such systems is magnetic particles dispersed in glassy matrices ͑e.g., see Refs. 12-15͒. These materials are promising candidates for new magneto-optical data storage, optical fiber sensors, 16 optical isolators, 17, 18 optical voltage sensors, 19 etc.
Usually, in order to obtain magnetic particles, a high content ͑20-40 mass %͒ of paramagnetic oxides Fe 2 O 3 , MnO, or CoO must be added to the glass composition. However, some glass systems, partially devitrified by thermal treatment, elude this rule; indeed, nanoparticles of lithium ferrite LiFe 5 O 8 in lithium borate glass containing less than 1 mass % Fe 2 O 3 ͑Refs. 20 and 21͒ and nanoparticles of maghemite ͑␥-Fe 2 O 3 ͒ in gel-silica glass with the Fe/Si molar ratio of 2% ͑Ref. 12͒ were identified by electron magnetic resonance ͑EMR͒.
In potassium-alumina-borate glasses subjected to thermal treatment under certain conditions, peculiarities of magnetic properties suggest the formation of ferrite particles at a paramagnetic oxide content of a few mass %. 22 Such glasses are characterized by a nonlinear magnetic field dependence of the magnetization with hysteresis and magnetic saturation. At the same time, they are transparent in the visible and near infrared spectral range and demonstrate a high value of the magneto-optical Faraday rotation ͑FR͒. Meanwhile, their magnetic properties largely depend on the thermal treatment conditions and relative and absolute concentrations of iron and manganese oxides. Understanding and control of these properties require a detailed study of correlations between the characteristics of individual nanoparticles, particle assemblies, and technological conditions of synthesis of such nanomaterials.
The aim of the present work is the monitoring of the phase state of paramagnetic additions-from diluted ions to clusters and nanoparticles-at various stages of synthesis and subsequent thermal treatment of glasses of the system 22.5 Al 2 O 3 − 22.5 K 2 O−55 B 2 O 3 codoped with two transition metal oxides, Fe 2 O 3 and MnO. In our previous study 23 using EMR and FR techniques we have described a series of glasses of this system containing, over 100 mass % of the basic composition, 1.5 mass % of Fe 2 O 3 , 0.0-0.9 mass % of MnO, and 0.0-0.5 mass % of GdO. In particular, we have shown that in this series directly after synthesis diluted Fe and Mn are present while under heat treatment at 560°C during 2 h magnetically ordered nanoparticles are formed, predominantly including the iron ions. Here we report the results obtained with another series of samples of the same basic composition, containing, over 100 mass %, 3.0 mass % of Fe 2 O 3 and MnO in the concentrations of 2.5 ͑samples 2 and 3͒ and 2.0 mass % ͑sample 1͒.
Using the EMR and FR we show that already in asprepared samples iron and manganese are present both in diluted and in clustered state, forming magnetically ordered nanoparticles. The amount of each of these phases depends on the Mn concentration as well on the synthesis temperature. A model of the nanoparticles is proposed on the basis of computer simulations of their EMR spectra. For thermally treated glasses, using the EMR and FR, as well as transmission electron microscopy ͑TEM͒, Mössbauer effect, and magnetic measurements, we show that magnetic particles of a larger size are formed in this case and describe the intrinsic relation between the nanoparticles in the as-prepared and annealed samples.
II. EXPERIMENTAL PROCEDURE
KNO 3 , Al 2 O 3 , and H 3 BO 3 were used as initial materials to fabricate glasses with a usual technique. Before synthesis Fe 2 O 3 and MnO were added to the charge. Glasses were melted at 1000 and 1100°C at oxidation conditions. The melt was poured onto steel sheets; the glass plates were naturally cooled in air down to 380°C and kept at this temperature for several hours. The glasses were subjected to three kinds of additional thermal treatment, viz., ͑i͒ at 560°C, ͑ii͒ at 600°C ͑both during 2 h͒, and ͑iii͒ a two-step treatment, first at 560 then at 600°C ͑during 2 h at each temperature͒. The MnO concentrations, as well as the synthesis and additional thermal treatment temperatures for different samples, are shown in Table I .
The FR as a function of the light wavelength and external magnetic field was measured at room temperature on optically polished samples of 0.1Ϯ 0.05 cm thickness. A modulation of the polarization plane of the light wave provided the FR accuracy of Ϯ0.2 min in the whole measurement range. The magnetic field up to 0.5 T was applied normal to the sample surface.
The Mössbauer spectra were recorded with laboratorymade equipment at room temperature with the 57 Co in Cr source of ␥-radiation in the constant acceleration regime. The ␣-Fe 2 O 3 standard was used to graduate the spectrometer. The samples used in the Mössbauer measurements were the same as those studied by the other techniques, i.e., contained no special additions of Fe 57 isotope. The EMR spectra were recorded in the temperature range from 4.2 to 300 K in the X band ͑9.46 GHz͒ with a Bruker EMX spectrometer equipped with an ER4112HV variable temperature unit. TEM images and selected area electron diffraction data were obtained with a JEM-2010 ͑JEOL͒ microscope ͑200 kV͒ to provide fine structural characterization of the particles dispersed in the glass matrix. The energy dispersive atomic x-ray ͑EDAX Co͒ analyzer was attached to TEM in order to determine the particle composition. The minimum EDXA spot diameter was 10 nm. Samples for the TEM studies were ground in ethanol, applied on perforated carbon substrates, attached to a standard copper grid, and placed into the microscope chamber. The glass fragments prepared in this way, as a rule, contained many particles, and signals of the basic glass components were 
III. RESULTS AND DISCUSSION
A. As-prepared samples
FR
In the present case FR is the sum of two contributions: a ͑positive͒ diamagnetic rotation due to the glass matrix and a rotation due to Fe and Mn. In the case of noninteracting ions the latter contribution has negative sign; it is of paramagnetic character and is proportional to the total concentration of the paramagnetic ions. The spectral dependences of the FR are shown in Fig. 1 ͑left͒; curve 1 represents the FR values of the glass matrix with no paramagnetic additions ͑initial sample͒, and this curve is of diamagnetic character. Curves 2-4 correspond to the FR spectra of doped glasses 1-3, respectively, and include contributions of the paramagnetic ions. For samples 2 and 3 the spectral curves are shifted slightly below that of the initial sample, evidencing negative sign and smallness of the Fe and Mn ion contributions to FR. Such behavior is typical of paramagnetic FR. Equal FR values for samples 2 and 3 correspond to the equal concentrations of paramagnetic ions in the samples ͑Table I͒.
The FR spectrum of sample 1 is fundamentally distinct from those of samples 2 and 3 ͓see curve 2 in Fig. 1 25 The sharp FR increase in sample 1 infers an inhomogeneous distribution of Fe and Mn ions in the glass matrix with formation of magnetically ordered ͑ferromagnetic or ferrimagnetic͒ particles.
The latter inference is further confirmed by a nonlinear magnetic field dependence of FR for sample 1 with hysteresis, shown in Fig. 1 ͑right͒. For samples 2 and 3 the FR value is a linear function of the magnetic field up to 0.5 T. These results suggest the formation of magnetic particles in sample 1 but give no definite data on the magnetic state of paramagnetic additions in samples 2 and 3. Figure 2 shows EMR spectra series of as-prepared samples 1-3 measured at different temperatures between liquid helium and room temperature. In all spectra two distinct features are observed: a low-field one with an effective g-factor g ef = 4.3 and a high-field one with g ef = 2.0. Note that the data for sample 1 show true relative spectra intensities at different temperatures while for samples 2 and 3 the intensities are multiplied by factors proportional to the absolute temperature T in order to bring out features obeying the 1 / T Curie law characteristic of electron paramagnetic resonance ͑EPR͒ arising from diluted paramagnetic species.
EMR
One can see that the intensity of the g ef = 4.3 feature in all three samples follows the Curie law. In disordered matrices the g ef = 4.3 feature is the hallmark of 6 S 5/2 ions in heavily distorted environment; in the present instance this feature can be assigned to Fe 3+ and possibly to a part of Mn 2+ ions diluted in the glass matrix. In contrast, the overall intensity of the g ef = 2.0 feature does not follow the Curie law; moreover, its behavior is complex and quite different in different samples. At liquid helium temperature this feature is similar in all three samples and arises from a superposition of contributions of diluted paramagnetic ions in less distorted environment, viz., a single EPR line of Fe 3+ and an unresolved hyperfine sextet of Mn 2+ ions. However, the intensities of these contributions are expected to obey the Curie law, which is manifestly not the case. In the previously reported study of another borate glass system in the interval between liquid helium and room temperatures a certain increase was observed of the relative amplitude of the g ef = 2.0 feature in comparison with that of the g ef = 4.3 one and related to a decrease in the zero-field splitting parameters as temperature increases. 26 However, in the present instance this increase is much more pronounced. This behavior is most striking in sample 1 where the dramatic increase in amplitude of the g ef = 2.0 feature is accompanied with concomitant narrowing at higher temperatures. This clearly indicates the type of EMR which can be identified as the superparamagnetic resonance ͑SPR͒ of magnetically ordered nanoparticles, such as previously observed for superparamagnetic nanoparticles in thermally treated borate glasses. 12, 20, 26 In samples 2 and 3 the relative intensity of the g ef = 2.0 feature also increases with increasing temperature but in a less spectacular way than in sample 1. In sample 2 no perceptible change in the shape of this former feature can be noticed, while in sample 3 a distinct narrow component of this feature is developing at higher temperatures, similar to that observed in sample 1. One can conclude that the g ef = 2.0 feature arises from contributions of both diluted Fe 3+ and Mn 2+ ions, clusters of exchange-coupled ions, and, in sample 1 and in a lesser extent in sample 3, of magnetically ordered nanoparticles.
In sample 1 at higher temperatures the intensity of the SPR is several orders of magnitude greater than that of the EPR of diluted ions, so, by subtracting the latter contribution from the experimental EMR spectra, the SPR contribution can be restored with sufficient accuracy. The difference spectra obtained by this procedure are shown in Fig. 3 ͑left͒. The pronounced correlation between the apparent resonance field and the peak-to-peak linewidth of these spectra ͑Fig. 4͒ is one of the distinguishing characteristics of the SPR ͑cf. Refs. 12 and 15͒.
We have carried out computer simulations of the SPR spectra series using the approach previously described in Refs. [26] [27] [28] . On the basis of the FR results the nature of the nanoparticles was assumed as that of a nonstoichiometric manganese ferrite. The log-normal distribution of the nanoparticle size of the form was used. A spheroidal approximation was adopted for the nanoparticle shape, characterized by the respective demagnetizing factors N ʈ = 1 3 + n ʈ and N Ќ = 1 3 − 1 2 n ʈ for nanoparticles magnetized parallel and perpendicularly to the major axes.
The best-fit computer-generated spectra are shown in Fig. 3 ͑right͒. All spectra have been obtained with one and the same joint distribution density of the nanoparticle sizes and demagnetizing factors P ͑D , n II ͒ shown in Fig. 5 ͑left͒. From trial-and-error simulations, the accuracy of determining the distribution parameters was evaluated as being better than 10%. The marginal distribution P ͑D͒ ͓see considerably lower than in bulk manganese ferrite. Interestingly, such behavior was predicted in the mean-field calculation of finite-size effects by Hendriksen et al. 30 However, in the experimental studies of the temperature dependence of M s for manganese ferrite nanoparticles, depending on the technique of preparation and thermal treatment, two opposite tendencies have been observed, viz., both a decrease 5, 31 and an increase 9 in T C with a decrease in the particle size. Both tendencies have been related to finite-size effects and/or the cation redistribution between lattice sites.
The temperature dependence of K is qualitatively quite similar to that reported in the literature for nonstoichiometric manganese ferrite Mn x Fe 3−x O 4 with 1.55Ͻ x Ͻ 1.80. 32 However, the absolute values of K obtained in the present study are roughly twice as large as those quoted in Ref. 32 . In this context, it is worth noting that for cobalt ferrite nanoparticles the anisotropy constants also are much larger than for bulk material. 33, 34 Thus, in the glass system studied magnetically ordered clusters occur already at the first stage of the glass preparation. In particular, magnetic nanoparticles with characteristics close to those of manganese ferrite are formed for the ratio of the Fe and Mn oxides in the charge of 3:2. These results corroborate the FR data.
B. Thermally treated samples

FR
Under thermal treatment the character of the FR spectra of samples 2 and 3 is substantially modified; the FR becomes negative ͑Fig. 7͒, its absolute values markedly increase, and the shape of the spectral curves becomes similar to that of sample 1. In the latter sample the spectral shape remains almost unchanged, but its value sharply increases in comparison with the as-prepared sample.
One can see that the character of the modification of the FR under thermal treatment depends on the Mn concentration and the glass synthesis temperature. As far as the FR spectral dependences are similar for all treatment regimes used ͓Fig. 7 ͑left͔͒, we can compare the FR values in different samples at one and the same wavelength. Table I shows the FR values at = 800 nm for each sample at different treatment temperatures. It is seen that in sample 2 a drastic FR change occurs already under treatment at 560°C, while a treatment at 600°C and a two-step treatment provide slightly less change. For sample 3 a treatment at 600°C produces slightly more change in FR in comparison with that at 560°C, and the increase in the absolute FR value is particularly pronounced for the two-step treatment. The most interesting behavior is observed in sample 1: the treatment at 560°C leads to a spectacular FR change, which is only slightly enhanced after an additional treatment at 600°C in the two-step process. In contrast, after a treatment directly at 600°C the FR value remains close to that of the as-prepared sample.
The FR dependences on the external magnetic field ͓Fig. 7 ͑left͔͒ for all thermally treated samples are similar, showing a sharp increase at relatively low fields and a slow increase at higher fields. Besides, a magnetic hysteresis is observed, the characteristics of the hysteresis loop, in particular, the relative remnant FR value ␣ 0 / ␣ ͑␣ 0 is the FR in zero magnetic field͒ and, to lesser extent, the coercive field B c correlating with the high-field FR value ͑Table I͒.
The FR values and their spectral and magnetic field dependences in the thermally treated samples are characteristics of ferromagnetic or ferrimagnetic substances having macroscopic magnetic moments. Meanwhile, because of low contents of the paramagnetic additions in the glasses, magnetic order cannot exist in the whole sample volume. The above EMR results show that magnetic nanoparticles are formed already in the as-prepared glasses. Under the thermal treatment, such fine particles can act as germs for the formation of larger magnetically ordered particles. The particle characteristics such as shape, dimensions, and structure depend on the thermal treatment regime.
Since both Fe and Mn ions are expected to be incorporated into the particles, their structure is most likely that of manganese ferrite of composition Mn x Fe 3−x O 4 . The FR spectra shown in Fig. 7 confirm this assumption; indeed, as was mentioned above, in the context of the as-prepared sample 1, these spectra are very similar to those of ferrites containing 3d 5 ions, in particular, of manganese ferrite. . Right: temperature dependence of the first-order anisotropy constant. The full squares are simulation results. The full curve has been calculated using that shown on the left graph and the K / M s dependence in Fig. 11 of Ref. 30. silica-glass matrices were studied and the material was shown to exhibit in the 1.5-2.6 eV ͑830-500 nm͒ spectral range the FR of the same order of magnitude as Y 3 Fe 5 O 12 , a compound widely used for magneto-optical applications. Bentivegna et al. 18 considered this material to be very useful for applications, such as optical rotators, isolators, and modulators, based on magneto-optical principles. Our samples are not very transparent in this spectral range; on the other hand, they demonstrate promising optical and magneto-optical properties in the range of 800-1550 nm, also important for practical applications. In particular, the FR of sample 1 at 800 nm is about an order of magnitude larger than that shown in Fig. 3 of Ref. 18 . Another interesting property of our glasses is a high remnant FR that allows keeping the light wave azimuth after switching off the magnetic field.
TEM
The TEM data confirm the idea of magnetic particle formation put forward above. Indeed, a typical TEM image of sample 1 fragments ͓see Fig. 8 ͑left͔͒ shows polydispersed nanoparticles on the background of the glass matrix. For larger particles, the electron diffraction of a selected region ͓Fig. 8 ͑right͔͒ clearly shows a crystal structure close to that of MnFe 2 O 4 . Figure 9 illustrates the morphology of the particles in the dried concentrate of sample 3.
Larger particles ͑up to 70 nm͒ of cubic habitus and ill-shaped small isolated particles are present. High resolution Transmitted Electron Microscope ͑TEM͒ images show almost perfect crystalline structure for larger particle in this case as well. The samples differ from each other in particle size distributions, the portion of larger particles increasing in the glasses having higher FR values. The EDXA spectra shown in Fig. 10 allow concluding that almost the total of Fe and Mn ions introduced into the glass are gathered inside the magnetic particles and that their concentration ratio is close to 2:1, similar to the ratio of Fe and Mn contents in bulk manganese ferrite. The response of Fe and Mn from the particle-free glass region is very low, that of the latter being slightly higher in comparison with the former. On the basis of the EDXA data, the part of paramagnetic additions included in the particles can be estimated as approximately 85%-90% of their total amount introduced into the charge before the glass synthesis. Besides, a certain amount of Al is observed in particles separated from the matrix ͓Fig. 10 ͑bottom͔͒.
Mössbauer spectra
In order to confirm the magnetic state of the nanoparticles formed in the thermally treated samples, we have studied their Mössbauer spectra. Figure 11 ͑left͒ shows typical spectra for three samples thermally treated at 560°C and a spectrum for sample 1 subjected to the two-step treatment at 560+ 600 K in comparison with a spectrum of manganese ferrite single crystal. The spectra consist of a sum of Zeeman-split sextets and quadrupole doublets and differ from each other in relative intensities of the sextet and the doublet.
The overall broadness of the spectral lines, comparable intensities of inside and outside lines of the sextets, as well as the coexistence of sextets and doublets indicate superparamagnetic relaxation effects, observable as far as the measurement time of the Mössbauer effect is much longer than the superparamagnetic relaxation time of a particle, . In this issue, the overall shape of the Mössbauer spectra depends on the relation between and the lifetime L of a given state of the ion.
The distributions of hyperfine magnetic fields P ͑B͒ ͓Fig. 11 ͑center͔͒ and quadrupole splitting P ͑QS͒ ͓Fig. 11 ͑right͔͒ were reconstructed from the measured Mössbauer spectra. P ͑B͒ was determined by fitting the isomer chemical shift and the QS, assuming them to be the same for all sextets in a given sample. P ͑QS͒ was determined by fitting the isomer shift, assumed to be the same for all doublets in a given sample. The average hyperfine parameters are shown below the corresponding curves for each sample in Fig. 11 ͑center and right͒. The character S stands for the population of iron sites for a given distribution. The isomer shift values, given with respect to ␣-Fe, indicate the trivalent state of iron FIG. 9 . Electron microscopy images of particles in sample 3 ͑heat treatment at 600°C͒ obtained by differential dissolution of the glass matrix. Left: morphology of the particles. Right: high resolution image of different lattice zones of the large dark elongated particle shown on the left. FIG. 10 . ͑Color online͒ EDXA spectra for sample 1. Top-for a particle-free part of the sample; center-for particle "A" capsulated in glass ͓Fig. 8 ͑left͔͒; and bottom-for particles extracted by dissolution of the matrix ͓Fig. 9 ͑left͔͒.
for all sites observed. For manganese ferrite the distribution of P ͑B͒ is rather narrow ͓Fig. 11 ͑center, curve 1͔͒ with a maximum at approximately 42 T and the paramagnetic component in P ͑QS͒ is absent.
The features found in the P ͑B͒ and P ͑QS͒ distributions have been used to reconstruct "model" spectra, and the latter have been fitted to the experimental ones by varying the whole set of hyperfine parameters. Examples of such fitting are shown in Fig. 12 for the bulk Mn ferrite and for sample 1 subjected to the two-step thermal treatment. The fitting results for manganese ferrite and for sample 1 are shown in Table II .
In manganese ferrite four nonequivalent Fe 3+ sites have been found. The tetrahedral ͑A͒ sites have the isomer shift about 0.26 mm/s. In the octahedral sublattice ͑B͒ three nonequivalent sites, denoted as B1, B2, and B3, arise because of a statistical distribution of Fe and Mn sites. Taking into account the populations of different sites, the cation distribution is estimated as ͑Mn 0.79 Fe 0.21 ͓͒Mn 0.21 Fe 1.79 ͔O 4 , quite typical of manganese ferrite. 29 The Mössbauer spectrum of sample 1 has been analyzed in an analogous way. Comparing the sextet parameters for manganese ferrite and for sample 1, one can see that for the latter the population of the octahedral sites decreases in comparison with that of the tetrahedral sites. This decrease cannot be explained by a cation redistribution, viz., substitution of iron for manganese in the tetrahedral sublattice with expulsion of the latter to the octahedral sublattice. Indeed, Mn 2+ ͑d 5 ͒ and Fe 3+ ͑d 5 ͒ have approximately equal magnetic moments; therefore, such redistribution would cause no significant changes in the hyperfine field on the iron nuclei. Meanwhile, it is seen from Table II that in sample 1 the hyperfine fields are considerably reduced in comparison with bulk manganese ferrite, this reduction being particularly pronounced for the A sites. Therefore, the observed tendency can be explained by diamagnetic dilution of ferrite. As the hyperfine field at the A sites, in the first place, "feels" the magnetic state of the B sublattice, the reduction in the former can be due to a preference toward diamagnetic dilution of the latter. Most likely, this dilution occurs because of aluminum contained in the glass entering in the ferrite nanoparticles, FIG. 12 . ͑Color online͒ Room temperature Mössbauer spectra of bulk single crystal of manganese ferrite ͑left͒ and sample 1 subjected to two-step treatment ͑right͒. Points are the experimental data, solid lines are components of the experimental spectra ͑for sample 1 only some components are shown not to overload the picture͒, and the curves in the lower parts are differences between the experimental spectra and the sum of the components .   FIG. 11 . Left: Mössbauer spectra; center: distribution of hyperfine fields at the iron nuclei; and right: distribution of QS in the paramagnetic part of the spectra for 1-bulk single crystal of manganese ferrite, 2-sample 1 after the two-step treatment, 3, 4, 5-samples 1, 2, 3 treated at 560°C, respectively. and Al ion is known to prefer octahedral sites in the ferrite lattice. 35, 36 A possible role of size effects in the reduction in the hyperfine field on the iron nuclei is certainly less significant because in the superparamagnetic state only a slight reduction in the hyperfine field takes place up to the transition temperature. 37 The idea of the Al dilution is consistent with the EDXA data for the nanoparticles extracted from the glass matrix ͓Fig. 10 ͑bottom͔͒.
The isomer shift values show that the paramagnetic part of the spectrum of sample 1 contains contributions of both tetrahedral and octahedral Fe ions. In contrast, no significant contribution is observed of sites with high QS typical of glass with a broad distribution of surroundings of the iron ions. Obviously, only a small part of iron remains diluted in the glass matrix, in accordance with the EDXA picture for the particle-free glass region ͑Fig. 10, see above͒. It should be noted that a satisfactory agreement between the model and the experimental spectrum can be obtained only by assuming a contribution of about 16% in intensity of a doublet with an exceptionally large linewidth ͑see the last line in Table II͒ . Such doublet can be tentatively ascribed to a Fe sextet with the relaxation time of the magnetic moment comparable to the lifetime of the excited state of the Fe nucleus. In summary, the characteristics of the Mössbauer spectra in sample 1 can be explained by ͑i͒ the diamagnetic dilution manifesting itself in the presence of sextets with low hyperfine splitting and ͑ii͒ the superparamagnetic relaxation occurring for fine manganese ferrite nanocrystals at room temperature.
In the spectra of samples 1-3 subjected to one-step thermal treatment in comparison with that of sample 1 subjected to two-step treatment ͑Fig. 11͒ the contribution of the sextets decreases while that of the paramagnetic doublets increases. Therefore, in these samples the portion of ferrite nanoparticles in ferrimagnetic state decreases while the particle-free portion increases. This behavior shows that in the series of samples 1-3, the effective nanoparticle size decreases, stimulating the superparamagnetic transition. The diamagnetic dilution, which manifests itself in the presence of sextets with low hyperfine fields, facilitates the transition to the superparamagnetic state. The "smearing" of sextets throughout the whole range of hyperfine fields in sample 3 can be explained by the presence of an assembly of ferrite nanoparticles with broad variations in the degree of diamagnetic dilution. The populations corresponding to the paramagnetic parts of the Mössbauer spectra show a preference of iron in aluminum borate glasses for joining the ferrite particles; indeed, 70%-75% of the total iron amount is contained in the particles and only 25%-30% of iron ions are diluted in the glass matrix.
In conclusion, the Mössbauer spectroscopy confirms the finding that the particles formed in thermally treated glass samples possess magnetic order similar to that of the bulk manganese ferrite, at least for larger-sized particles. At room temperature a considerable part of the particles is in superparamagnetic state.
Field and temperature dependences of the magnetization
The set of magnetization curves taken at different temperatures is shown in Fig. 13 ͑top͒ for sample 1 subjected to two-stage thermal treatment at 560+ 600°C. The electron microscope image and the Mössbauer spectrum of this sample are shown, respectively, in Figs. 8 and 11 ͑curve 2͒. Note that for all samples the shape of the magnetization curves is very close to that of the magnetic field dependences of the FR, as expected since the latter is a linear function of magnetization. The magnetization curve at room temperature is typical of soft ferromagnets, but magnetic saturation is not achieved even at 5 T. The field region where the magnetization shape changes from rapid to slow increase with an increase of magnetic field corresponds to 0.1-0.3 T for different samples. These room temperature curves are very close to those reported for MnFe 2 O 4 powder 11 and nearly defectfree powdered maghemite nanocrystals. 4 However, the magnetization curves observed in Refs. 4 and 11 did not change when temperature decreased to 5 K. Quite different temperature behavior is characteristic of the glass samples studied in the present work. The shape of the magnetization curves remains unchanged in the temperature range from 300 down to approximately 100 K; the low-field and high-field magnetic susceptibilities do not change either, but the value of the magnetization significantly increases.
A further decrease in temperature ͑below 100 K͒ results in an increase in the high-field susceptibility. The hysteresis loops in the low-field range shown in Fig. 13 ͑bottom͒ broaden with the decrease in temperature. The temperature dependence of magnetization measured in the magnetic field of 5 T and that of the coercive field for sample 1 are shown in Fig. 14 . Both the set of low temperature ͑below 100 K͒ magnetization curves shown in Fig. 13 ͑top͒ and the temperature dependence of magnetization are very similar to those observed 6 for noninteracting ␥-Fe 2 O 3 nanoparticles ͑of 2.7 nm in size͒ dispersed in polyvinyl alcohol. Note however that the ␥-Fe 2 O 3 particles of same size in the powdered state demonstrated no temperature changes of magnetization curves. 6 In spite of certain variations from sample to sample, the general behavior of the magnetic characteristics observed is quite similar in all samples, and it can be explained by a statistical distribution in the nanoparticle size. At room temperature larger particles are already "frozen" and provide magnetization curves of ferromagnetic type, while the contribution of smaller particles is negligible. As temperature decreases, the size effects in smaller particles become more and more important, so the character of the magnetization curve is considerably changed ͑for instance, cf. Ref. 6͒. The increase in the coercive field with a decrease in temperature can be due, on the one hand, to an increase in magnetic anisotropy of manganese ferrite 32 and, on the other hand, to an increase of the contribution of frozen particles.
The magnetization values in Figs. 13 and 14 refer to the total mass of the samples; indeed, the mass of the particles in each sample is not exactly known. Meanwhile, on the basis of the mass concentration of the paramagnetic oxides introduced in the glasses and the EDXA data we can estimate the magnetization proper to the particles. For instance, for sample 1 the magnetizations in the highest magnetic field used ͑5 T͒ are approximately 28 emu/g at 300 K and approximately 102 emu/g at 5 K. Comparing these values with those of bulk manganese ferrite, 29 we see that the nanoparticle magnetization at 300 K is several times lower than in bulk manganese ferrite, 80 emu/g, while at low temperatures it approaches the magnetization of the latter, 112 emu/g at 0 K. The above conjecture on the predominant contribution to the magnetization of larger nanoparticles at higher temperatures and of smaller nanoparticles at lower temperatures results in an estimate of the mass portion of larger particles of approximately 30%.
EMR
The heat treatment brings drastic changes in the EMR spectra ͑see Fig. 15͒ . For all samples the g ef = 2.0 and g ef = 4.3 features due to diluted Fe 3+ and Mn 2+ ions disappear, and the spectra acquire the characteristic of SPR of a nanoparticle assembly. 20, 26 In particular, the superparamagnetic nature of the EMR spectra is attested by the spectacular temperature-induced narrowing of the spread in the resonance magnetic fields. A qualitative comparison between the EMR spectra in the as-prepared, vide supra, and the annealed glasses indicates much larger average size and distribution of the morphological characteristics of the magnetic particles in the latter case. This distinction can be explained by the fact that in the course of the thermal treatment the diluted paramagnetic ions are both joining already existing nanoparticles and forming new ones. The EMR data for the thermally treated samples are in accordance with those of TEM and the Möss-bauer effect. Computer simulations of the EMR spectra of the thermally treated samples are in progress, and the corresponding results will be published elsewhere.
IV. SUMMARY
FR, EMR, TEM, Mössbauer spectroscopy, and magnetic measurements of as-prepared and thermally treated potassium-aluminum-boron glasses doped with low concentrations of Fe and Mn oxides have been studied. In spite of very low contents of the paramagnetic ions, clustering and magnetic ordering occur already at the first stage of the glass preparation. In particular, magnetic nanoparticles with characteristics close to those of manganese ferrite are formed for the ratio of the Fe and Mn oxides in the charge of 3:2.
The glasses subjected to an additional thermal treatment clearly demonstrate magnetic and magneto-optical properties typical of magnetically ordered materials. In the course of the treatment, already existing clusters and fine nanoparticles act as germs for the formation of larger magnetically ordered particles. The formation of such particles has been directly confirmed by the TEM. The particle characteristics such as shape, dimensions, and structure depend on the thermal treatment regime. The larger particles are shown to be crystalline.
The EMR data in the as-prepared glasses show a coexistence of diluted paramagnetic ions, clusters, and fine nanoparticles. In the thermally treated glasses larger magnetic nanoparticles are formed, giving rise to the SPR spectra. The Mössbauer spectroscopy confirms the manganese ferrite structure of the nanoparticles formed in the thermally treated glasses as well as the superparamagnetic state of these particles. The magnetic field and temperature dependences of the magnetization for the nanoparticle assembly in the glass are similar to the analogous characteristics for powdered ferrite nanoparticles at higher temperatures and for dispersed ferrite nanoparticles at lower temperatures. Such behavior is explained by morphological and spatial distribution of the particles in the glass matrix. In summary, the main advantages of the glass system studied in this work are high FR in the near infrared spectral range at relatively low magnetic field, presence of the remnant rotation, and compatibility of this material with glassy elements of various optical devices. 
